We demonstrate that the second-Stokes output from a diamond Raman laser, pumped by a femtosecond Ti:Sapphire laser, can be used to efficiently excite red-emitting dyes by twophoto excitation at 1080 nm and beyond. We image red fluorescent protein (RFP) expressing HeLa cells, as well as dyes such as Texas Red and Mitotracker Red. We demonstrate the potential for simultaneous two-color, two-photon imaging with this laser by using the residual pump beam for excitation of a green-emitting dye. We demonstrate this for the combination of AlexaFluor 488 and AlexaFluor 568. Because the Raman laser extends the wavelength range of the Ti:Sapphire laser, resulting in a laser system tunable 680 nm-1200 nm it can be used for twophoton excitation of a large variety and combination of dyes.
. Extending the excitation wavelength beyond the range of the Ti:Sapphire laser (680-1080 nm) can further reduce the scattering of tissue and thereby increase penetration depth, as shown by (Anderson & Parrish, 1981; Horton et al., 2013) , as well as allow excitation of red-emitting dyes and fluorescent proteins (Drobizhev et al., 2011) ., e.g. mCherry, red fluorescent protein (RFP) (Drobizhev et al., 2011) , and Alexa 647 (Kobat et al., 2009) , and red-emitting calcium indicators. Such red-emitting dyes are increasingly being used in biomedical microscopy since they facilitate fluorescence imaging with multiple labels as well reduce interference from tissue autofluorescence (Drobizhev et al., 2011) . In this letter we use a diamond Raman laser to extend the wavelength range of a Ti:Sapphire pump laser, and demonstrate its use for two-photon imaging of red-emitting dyes. The Raman shift in diamond is 1332 cm -1 , which substantially extends the tuning range of the Ti:Sapphire laser, in particular when using the second-Stokes emission. Such a Raman laser is therefore a means to extend the wavelength range of a type of laser that already exists in many bioimaging facilities. (Churin et al., 2015) .
This setup also generates a two color output, by using the residual pump beam along with the Raman-shifted laser output. Two-color laser systems are attractive for multiple wavelength excitation (because of the spread of peak wavelengths of two-photon absorption cross sections (Drobizhev et al., 2011) ) and photo-activation experiments as well for as multimodal imaging (Chu et al., 2001) , combining e.g. second or third harmonic generation (SHG, THG) with fluorescence imaging. We demonstrate dual wavelength imaging using the residual pump beam to excite the green-emitting Alexa 488 and the Raman laser to excite the red-emitting Alexa 568. 
Materials and Methods

Sample preparation
We performed two-photon imaging of HeLa cells expressing RFP-Lifeact. The cells were maintained as previously described (Jayo et al., 2012) . The cells were fixed for 20 minutes using 3.7% paraformaldehyde (Sigma-Aldrich) in PBS and washed twice in PBS. The coverslip was then mounted using Vectashield Hard-Set Mounting Medium (Vector Laboratories).
We also imaged FluoCells prepared slides (Life Technologies) #1, #2 and #3.
Two-photon microscopy
The setup of the synchronously-pumped Raman laser is shown in Fig. 1 . The diamond crystal (Type IIa, CVD-grown, 9 mm-long) had broadband AR-coatings, 1-3% reflectivity over 796 - With this choice of input mirror, the second-Stokes output could be tuned from 1080 nm to 1200 nm for pump wavelengths from 840 nm to 900 nm ( Fig. 2(a) ). The spectra were measured using an optical spectrum analyser (HP 86140A). The second-Stokes wavelength was not always exactly two Stokes shifts longer than the pump center wavelength owing to spectral broadening of the Stokes field by self-phase modulation (Murtagh et al., 2015b) . The output power of the second-Stokes emission is shown in Fig. 2(b) and was up to 80 mW, making the laser suitable for two-photon imaging of biological specimens. At pump wavelengths above 900 nm the laser emitted the first Stokes, extending the tuning range on the short wavelength side down to 1035 nm. The pulse durations for the second-Stokes output pulses using pump wavelengths of 840 nm and 890 nm were measured to be 1.0 ps using an autocorrelator (APE Carpe) and assuming a Gaussian pulse shape. The detailed dynamics and characteristics of this type of diamond Raman laser is described in (Murtagh et al., 2015b) . We note that the bandwidth and output power presented here is much smaller than in (Murtagh et al., 2015b) , likely because of a somewhat lower quality diamond crystal. For imaging however, the main concern is the pulse length, which was similar to (Murtagh et al., 2015b) .
For the imaging experiments, the Raman laser output was filtered by a 1000 nm long pass (LP)
filter (Thorlabs FEL1000) to remove the pump laser light and coupled into a home built scanning multi-photon microscope. The microscope has been previously described in (Trägårdh et al., 2015) . The residual pump laser output was also coupled into the microscope and overlapped with the Raman laser emission using a flip mirror. The light was focused using a Nikon Plan Apo 60X NA1.4 oil immersion objective or a Nikon Fluor S 40X NA1.3 oil immersion objective. The We confirmed that the contrast in the image was from a two-photon excitation process by acquiring a series of images at different excitation powers. The average slope of a linear fit to the log-log plot of the signal for 10 regions of interest across 3 samples was 1.7±0.1, confirming the second order process.
Results and Discussion
We used the laser for two-colour imaging, exciting Alexa 568 using the Raman laser and Alexa 488 using the residual pump beam (Fig. 4(c) ). The image is an overlay of the images acquired using the excitation at 1080 nm and the residual pump at 840 nm. We also used the output from the Raman laser to successfully excite Texas Red, and Mitotracker Red (Fig. 4) as well as Alexa 594 and ds-Red (data not shown) thereby demonstrating the versatile use of the Raman laser for two-photon excitation of red-emitting dyes. Although the second-Stokes output in our laser could only be tuned between 1080 nm and 1200 nm, a different choice of mirror coatings would allow other pump wavelengths to suit other dyes, as well as extend the wavelength range further, to match the wavelength range of a Cr:Forsterite laser.
Conclusions
In conclusion, we have demonstrated fluorescence imaging by two-photon excitation of redemitting dyes, including RFP, using the second-Stokes output from a diamond Raman laser. We also demonstrated that the combination of the Raman output and the residual pump beam can be used for dual color imaging. The latter is important since there is quite a spread of the peak Scalebars are 50 µm. 
